Objective: Heterozygous familial hypercholesterolaemia (FH) is a common autosomal dominant disorder. The vast majority of affected individuals remain undiagnosed, resulting in lost opportunities for preventing premature heart disease. Better use of routine primary care data offers an opportunity to enhance detection. We sought to develop a new predictive algorithm for improving identification of individuals in primary care who could be prioritised for further clinical assessment using established diagnostic criteria. Methods: Data were analysed for 2,975,281 patients with total or LDL-cholesterol measurement from 1 Jan 1999 to 31 August 2013 using the Clinical Practice Research Datalink (CPRD). Included in this cohort study were 5050 documented cases of FH. Stepwise logistic regression was used to derive optimal multivariate prediction models. Model performance was assessed by its discriminatory accuracy (area under receiver operating curve [AUC]). Results: The FH prediction model (FAMCAT), consisting of nine diagnostic variables, showed high discrimination (AUC 0.860, 95% CI 0.848e0.871) for distinguishing cases from non-cases. Sensitivity analysis demonstrated no significant drop in discrimination (AUC 0.858, 95% CI 0.845e0.869) after excluding secondary causes of hypercholesterolaemia. Removing family history variables reduced discrimination (AUC 0.820, 95% CI 0.807e0.834), while incorporating more comprehensive family history recording of myocardial infraction significantly improved discrimination (AUC 0.894, 95% CI 0.884 e0.904). Conclusion: This approach offers the opportunity to enhance detection of FH in primary care by identifying individuals with greatest probability of having the condition. Such cases can be prioritised for further clinical assessment, appropriate referral and treatment to prevent premature heart disease.
Introduction
Familial hypercholesterolaemia (FH) is the commonest autosomal dominant disorder, with between 1/200 to 1/500 individuals having the heterozygote form [1] . This genetic disorder is characterized by high serum cholesterol concentrations and is caused by mutations of the LDLR gene [1] . Without treatment, young adults aged 20 to 39 years with heterozygous FH are estimated to have nearly a 100-fold increase in mortality risk from CHD compared to unaffected adults [2, 3] . Evidence indicates FH patients have up to a 37% reduction in CHD mortality following treatment with statins and improved life expectancy, emphasizing the major benefit of early identification and treatment [4] . If such patients are not recognized in primary care, they will be treated like other patients with common multifactorial causes for raised cholesterol and prescribed lower potency statins, or offered no medication at all if their global cardiovascular risk score is not elevated.
In the UK, the National Institute for Health and Care Excellence (NICE) recommends the Simon-Broome Register criteria [3] which includes cholesterol concentrations, clinical characteristics such as presence of tendon xanthoma, and family history of premature heart disease and raised cholesterol. The Dutch Lipid Clinic criteria [5] , recommended in Europe, is similar to the Simon-Broome criteria but also include arcus cornealis, peripheral vascular disease, and coronary artery disease. Despite established clinical assessment guidelines, the majority of FH cases remain undetected. Most European countries diagnose less than 20% of all estimated cases [1] . In the UK, only 12% to 15% of an estimated 120,000 heterozygous FH cases are diagnosed [6, 7] . This may be due to several factors. Firstly, clinical assessment guidelines, developed from secondary care registers of FH patients, may have limited utility for the purposes of case-finding in primary care. For instance, in both Simon-Broome and Dutch Lipid Clinic criteria, a diagnosis of FH would require a comprehensive family history recording and genetic mutation testing. However, comprehensive family history (in particular age of onset of disease) and genetic testing are not routinely assessed or are undocumented in current primary care clinical systems [8, 9] . Secondly, clinicians are underdiagnosing or under-recording recommended diagnostic characteristics such as tendon xanthoma, arcus cornealis and peripheral vascular disease [10e12] . To improve identification of FH in the general population, case-finding using a validated tool developed from data routinely available in primary care records may offer one potential approach. This could allow clinicians to prioritise individuals at greatest likelihood of having FH for further clinical assessment using established Simon-Broome or Dutch Lipid Clinical criteria. The aim of this study was to develop and validate a predictive modelling tool (FAMCAT) for identifying those patients with highest probability of FH in the general primary care population.
Methods

Data source
Data were obtained from the Clinical Practice Research Datalink (CPRD), a cohort of patients with prospectively collected data, derived from anonymized electronic medical records of more than 12 million patients from 681 UK general practices. CPRD records include demographic information, medical history, prescription details, clinical events, specialist referrals, hospital admissions, and laboratory test results. Approximately 8% of the UK population is currently included and the database is broadly representative of the UK population. Data undergo quality checks and practices are designated as meeting the CPRD quality criteria for research purposes and over 550 peer-reviewed studies using CPRD have been published [13] . Ethical approval was granted by the CPRD Independent Scientific Advisory Committee (protocol 13_167).
Study population
A cholesterol measurement is essential to establishing a suspected diagnosis of the FH. Thus, all included patients had at least one measurement of either total cholesterol or LDL-cholesterol between the (i) baseline date, 1 Jan 1999 or the earliest date which the CPRD practice started data after 1 Jan 1999 and (ii) end date, 31 August 2013 or the latest date the CPRD general practice finished contributing data prior to 31 August 2013. If follow-up was not completed, then the end date for the patient was specified as date of death, date of transfer, or date of final practice visit. For patients who were diagnosed with FH, the date of the diagnosis was specified as the end date. Patients aged less than 16 years were excluded as cholesterol thresholds for diagnosis and treatment of FH in children differ from adults [14] . Patients were also excluded if they had a prior FH diagnosis before the study entry date (1 Jan 1999).
Diagnostic variables
The diagnostic variables which were included in the analysis are recognized to be associated with FH (supplemental Box A). The variables of total cholesterol, LDL-cholesterol, family history of MI, and family history of raised cholesterol were based on SimonBroome criteria [15] for identifying patients with possible FH. The cholesterol categories were assigned in line with untreated levels. If patients had both LDL-cholesterol and total cholesterol measured, the LDL-cholesterol was prioritized. If there were multiple cholesterol recordings, the highest cholesterol value was taken from each patient at any point between 1 Jan 1999 to 31 August 2013. Triglycerides (elevated levels are a negative indicator of FH [16] ) were extracted for each patient during the time of the cholesterol measurement and categorized using established reference ranges [17] (elevated triglycerides classified as above 1.7 mmol/L). Cholesterol and triglyceride levels were checked for outlying observations (0 mmol/L or >5 positive standard deviations [SD] from the mean) and data entry errors (non-numerical entries). Previous history of CHD <60 years may also result in a higher probability of being diagnosed with FH [5] .
Family histories of MI and of raised cholesterol were included as potential diagnostic variables [3, 14] . Although not explicitly included in previous criteria, family history of FH was also investigated. All the family history variables were dichotomized to either having a family history or not. If family history was not assessed, we assumed that there was no family history. Further categorization of family history to identify relative affected and age of onset of the condition was limited due to lack of recording [8] .
Current diagnostic criteria [3, 5, 18] use untreated cholesterol levels to assess probable diagnosis of FH. However, individuals with raised cholesterols may be receiving lipid-lowering treatment. Hence, prescribing and potency of lipid-lowering treatment were included. If the most recent prescription ended within 30-days or overlapped with the date of the cholesterol measurement, the cholesterol level was considered treated. Otherwise, the cholesterol level was considered untreated. In categorizing patients as untreated, a 30-day washout period was utilized to account for any of the remaining effects of the lipid-lowering drugs when the drug treatment had been stopped [19] . The most recent recommendations for statin intensity in the UK NICE guidance for lipid modification [20] were utilized to classify potency based on a previous meta-analysis [21] .
Current guidelines recommend that secondary causes of hypercholesterolaemia are negative indicators of FH [14, 22] . Therefore, several key secondary conditions were analysed: liver disease (fatty liver disease, cirrhosis, chronic liver failure, alcoholic liver disease), diabetes mellitus (type I, type II), hypothyroidism (acquired and congenital), kidney disease (chronic kidney disease, renal impairment, acute renal failure), and nephrotic syndrome.
Outcome criteria
The case definition of FH was defined as all patients with a newly documented diagnosis of FH identified from patient records during the specified study period. Excluded from the analysis were patients with a previous diagnosis of other inherited lipid disorders. FH is specifically coded in UK general practice clinical systems by NHS Read Code "C3200". An example of a typical UK general practice clinical system showing a diagnosis of FH can be found in supplemental Fig. B . This FH diagnosis must have occurred after the diagnostic variables, ensuring temporality between predictors and the outcome. All of the analyses were completed in STATA 13 MP4. To develop the predictive model, a randomly selected 75% sample of the study population was used as the derivation cohort. As the outcome for diagnosis of FH was binary, stepwise logistic regression was used to develop a multivariate model for both men and women. Univariate analysis was first conducted to assess the association between each diagnostic variable and diagnosis of FH. A forward stepwise modelling approach was utilized to assess the impact of each additional predictor in the multivariate model. Predictors were included in the multivariate model the likelihood p-value was less than 5%. The final regression equation in the multivariate logistic models was used to determine the predicted probabilities of having FH.
Validation of the FAMCAT model
To validate the FAMCAT model, the predictive model was applied to all individuals within the validation cohort (remaining 25% random sample) to calculate each patients predicted probability of being identified with FH. Three comparison models were developed. The first comparator (Model 1) used only one diagnostic variable: total cholesterol
The second comparator (Model 2) was developed by incorporating variables indicative of a possible diagnosis of FH in the Simon-Broome criteria [3] . The third comparator (Model 3) was developed by adapting variables used in the Dutch Lipid Clinic [5] criteria. If specific variables of the Dutch Lipid Clinic criteria were not recorded in a patient's primary care record, then a null value was assumed. Discriminatory accuracy (ability to distinguish between a case and non-case) was assessed for all models by the area under the receiver operating curve (AUC) or Harrell's c-statistic; with higher values representing better discrimination. To generate confidence intervals for the c-statistic, a jack-knife procedure [23] was used to bootstrap standard errors.
Sensitivity analysis
In the first sensitivity analysis, we removed all secondary causes of raised cholesterol in the FAMCAT model and compared its discrimination to the primary analysis using the validation cohort. In the second sensitivity analysis using the validation cohort, we assessed the impact of improved family history recording of MI. To do this, we increased the proportion of positive family history cases for MI to 80.3% of FH cases and 9.3% of non-cases through random assignment of positive family histories to those who did not have a family history recording. These figures were based, firstly, on analysis of the Simon-Broome disease register which showed that 80.3% of all patients with possible FH had a positive family history of MI [3] (Neil HAW, personal communication, 25 Feb 2014) , while the 9.3% figure was derived from previous analysis of medical coding for positive CHD family histories in primary care [8] . In the final sensitivity analysis, we evaluated the impact of family history in the FAMCAT model by excluding family histories of MI, FH, and raised cholesterol and compared its discrimination to the primary analysis using the validation cohort.
Calibration and reclassification
The FAMCAT model was assessed for calibration by comparing the proportion of predicted cases to the proportion of observed cases of FH in the validation cohort stratified by deciles (first decile representing the lowest probabilities) of predicted probabilities. In addition, we determined the impact of binary probability reclassification on sensitivity (proportion of true positives identified) and specificity (proportion of true negatives identified).
Results
Characteristics of the study population
There were 2,975,281 individuals in the CPRD study population from 1 Jan 1999 to 31 August 2013 with either a total cholesterol or LDL-cholesterol measurement during the study period. There were 3836 individuals (0.13%) in the total starting sample who were dropped from the analysis due to having outlying cholesterol measurements, data entry errors, or unspecified measurement units for the cholesterol readings. An additional 32 patients were excluded as the gender was not recorded. Thus, the complete cohort for the analysis comprised of 2,971,562 individuals. After excluding 246 patients with a diagnosis of FH before the 1 Jan 1999, 5050 cases with a documented diagnosis of FH were included in this cohort and used for analysis. To develop the FH probability model, 75% of the complete cohort (n ¼ 2,228,562) was randomly sampled to become the derivation cohort, while the remaining 25% of the sample (n ¼ 742,851) was assigned as the validation cohort. Table 1 shows the descriptive characteristics of both the derivation and validation cohorts. Both cohorts showed similar frequencies, means, and medians for all clinical characteristics. In total, 10.8% of men and 8.1% of women were on lipid-lowering drugs at the time of the cholesterol measurement. The individuals who were on lipid-lowering drug treatment were mostly prescribed medium potency statins, with similar frequencies in both derivation and validation cohorts. The recording of a family history of FH and raised cholesterol was infrequent (0.3%e0.7%) although the recording of a family history of MI was higher in frequency (3.2%). Secondary causes of raised cholesterol showed similar frequencies in both cohorts.
Multivariate analysis
The multivariate predictive model was derived from the derivation cohort using the diagnostic indicator variables through stepwise logistic regression (univariate associations shown supplemental Tables C and D). Although personal history of premature MI is a recognised indicator of FH [5] , the strength and significance of association excluded it from this algorithm. The optimal multivariate model retained nine diagnostic indicators as shown in Table 2 Table 3 shows discriminatory accuracy according to the AUC cstatistic for each model. The FAMCAT model (Model 4) showed high model performance (AUC 0.860, 95% CI 0.848e0.871) with significantly improved discrimination when compared to Model 3, adapted from documented variables in the Dutch Lipid Clinic (AUC 0.737, 95% CI 0.723e0.752) and Model 2, adapted from variables in Simone-Broome (AUC 0.749, 95% CI 0.735e0.763). Model 1, which included only cholesterol showed poor discrimination (AUC 0.556, 95% CI 0.527e0.587). The improvement in discrimination for the FAMCAT compared to other models is shown in Fig. 1 , a graph of the receiver operating curves.
As many of the variables present in the Dutch Lipid Clinic criteria could not be applied to the validation cohort, we also compared the FAMCAT to a simple gender and age adjusted loglinear LDL-cholesterol risk model. While this simple log-linear LDL model compared favourably to the model based on the Dutch Lipid Clinic criteria, it had poorer discrimination compared to the FAMCAT (Supplemental Fig. E ).
Sensitivity analysis
In the first sensitivity analysis excluding secondary causes of raised cholesterol (diabetes and kidney disease) from the FAMCAT, there was no difference in discrimination (Fig. 2) from the primary analysis (AUC 0.858, 95% CI 0.845e0.869, Table 3 ). In the second sensitivity analysis, comprehensive family history recording of MI significantly improved discrimination (Fig. 2) compared to the primary analysis (AUC 0.894, 95% CI 0.884e0.904, Table 3 ). In the third sensitivity analysis, removing family histories of MI, FH, and raised cholesterol significantly decreased discrimination (Fig. 2) compared to the primary analysis (AUC 0.820, 95% CI 0.807e0.834, Table 3 ).
In the final sensitivity analysis, we found that expanding cholesterol categories to encompass an 'extremely high' total cholesterol threshold > 9.0 mmol/L or LDL-cholesterol > 6.5 mmol/ L or incorporating total cholesterol and LDL-cholesterol as loglinear variables in the FAMCAT model resulted in no significant change in discrimination (Supplemental Fig. F) .
Calibration and risk reclassification
The model showed accurate calibration across all deciles, with high levels of convergence between observed and predicted detection rates (supplemental Fig. G) . There was also an expected sharp increase in observed and predicted cases in the highest decile of predicted probabilities where 829 cases were observed and 785 cases were predicted. To assess the impact of probability threshold reclassification, patients were stratified where the top decile of predicted probabilities defined as the 'high probability' and the remaining deciles defined as 'low probability'. The top decile corresponds to a predicted probability above 0.002, consistent with the estimated FH population prevalence of 1/500. Using this stratification, the FAMCAT achieved a sensitivity of 70% and a specificity of 88%. 
Discussion
We have derived and validated a new prediction tool for familial hypercholesterolaemia (FAMCAT), to enhance detection of individuals with possible FH. By identifying those in primary care with the highest probability of the condition, further clinical assessment of individuals can be proactively targeted, with referral for diagnosis and preventive care as appropriate, maximising efficient use of limited resources.
The majority of FH cases in the general population are not currently being diagnosed, and fail to benefit from preventive interventions to reduce their greatly elevated risk of premature CHD. FAMCAT offers the advantage of using coded variables routinely available in general practice electronic health records. In contrast, using all the variables in established diagnostic criteria for initial case ascertainment has poorer discriminatory accuracy because many of these variables are not recorded or are under-recorded in primary care. In addition, the importance of the family history was demonstrated, as removing family history variables (MI, FH, and raised cholesterol) from FAMCAT significantly reduced performance, whilst including more details on family history of MI improved prediction.
Clinical implications
In several countries there has been a drive to offer cardiovascular risk assessment to the adult population (UK NICE [22] , European Society of Cardiology Joint Task Force [24] ). In England, this has even been extended to a policy of offering universal cardiovascular screening to all adults aged 40 to 75. This expansion in cardiovascular screening is resulting in more individuals identified with cholesterol levels above the threshold at which further assessment for FH is recommended [1, 3] . Assessing all these individuals for FH will lead to an inefficient use of limited primary care resources, with a large number of inappropriate referrals to specialist genetic and lipids services. On the other hand, not having any form of case-finding approach in primary care will continue to mean a large number of individuals with possible FH being missed.
An electronic health record database search in general practice, using the FAMCAT algorithm offers one possible solution to rationalise use of both primary care and specialist resources. A possible implementation pathway is illustrated in supplemental Fig. H . FAMCAT could be implemented as a toolkit, integrated within electronic health records, using routine primary care data extraction tools (e.g. PRIMIS CHART software [25] ) to rank patients from highest to lowest probability of having FH.
Prior to this, a pre-defined threshold needs to be set for prioritising clinical assessment by General Practitioners to determine individuals at highest probability of having FH. If this threshold is unknown, we would suggest a risk-threshold of >1/500. The FAMCAT algorithm performs well at this threshold to identify individuals who should be assessed by primary care for possible FH using established diagnostic criteria. For instance, using this riskthreshold in an average English general practice of 6891 patients [26] , nine of 13 estimated cases of FH will be identified. If this was implemented in all 8088 general practices in England, then 72,792 cases of possible FH will be identified. Patients who meet established diagnostic criteria could then be referred to secondary care, in line with current national guidelines [14] . Hence, we are recommending a stepwise approach which we anticipate will reduce the number of false-positive cases who will be referred to specialist services, compared to standard practice, due to the high sensitivity and specificity of the FAMCAT. Patients who have an identified mutation will provide the opportunity to instigate cascade screening in secondary care from confirmed cases, an approach that has been shown to be cost-effective [27, 28] . The majority of patients in primary care would be successfully excluded from unnecessary referral, thereby saving healthcare resources. However, this is only one strategy for identifying FH cases. Patients with premature MI should ideally be assessed in secondary care for FH, but if overlooked, assessing such patients may come under the responsibility of primary care.
The study also highlights the importance of systematically collecting family histories in those individuals having cardiovascular risk assessment. We found family histories of MI, FH, or raised cholesterol were important predictive variables in the FAMCAT. Current recording and assessment of family history is known to be less than adequate in primary care [8] . However, by employing a more systematic approach, such as, asking patients attending primary care to complete a family history of CHD assessment instrument, higher proportions of individuals can be correctly identified [29] . This instrument could be a self-administered questionnaire or an online tool, completed in the practice or at home, with the patients forwarding the completed details to the responsible clinician, similar to the approach taken with familial cancer assessment [30] .
Strengths and limitations
The strengths of this study include its longitudinal design, large sample size and use of a data-driven approach from a general primary care population. Although FAMCAT is calibrated for the UK population, the methodology and implementation pathway are transferable to other populations with health systems using electronic health records. Previous attempts to develop a primary care electronic search strategy in one primary care centre [31] did not achieve the necessary sensitivity and specificity. With the advantage of large numbers of diagnosed FH patients in our study, we have developed an electronic search algorithm that has achieved high levels of sensitivity and specificity for routine use at the population-level. One of the core strengths of the FAMCAT model is its ability to incorporate important interactions between key diagnostic indicators. For instance, interpretation of univariate analysis incorrectly suggests that elevated triglycerides are a positive predictor of FH. However, in multivariate analysis, elevated triglycerides are correctly shown to be a negative predictor of FH. FAMCAT takes account of the differences in triglycerides across cholesterol levels between cases and non-cases (see supplemental File I).
The principal limitation of this study is that coding of FH in general practice records is typically based on a clinical diagnosis. This will include FH cases that are genetic mutation negative individuals with polygenic hypercholesterolaemia [32] . The proportion of individuals with a diagnosis confirmed by genetic mutation testing, which varies widely across the Europe [1] , or referred to specialists are unknown, as this information is not routinely documented in UK primary care electronic health records. However, there is a low risk of miscoding the clinical diagnosis of FH in the electronic health records, as there is a specific diagnostic code for FH in the medical coding hierarchy in primary care clinical systems. Moreover, the clinical utility of the FAMCAT lies in its ability to apply available coded data in primary care records to identify patients with a high probability of having FH, who would then warrant clinical assessment using established diagnosis criteria. Subsequent referral would occur for those individuals who meet established diagnostic criteria for assessment in specialist care, including genetic testing to confirm diagnosis. Until molecular genetic testing of identified subjects using the FAMCAT algorithm is carried out, the mutation detection rate of the identified individuals is unknown, but previous research has shown that the diagnostic cut-offs for total and LDL-cholesterol used by the FAMCAT has a mutation detection rate (LDL-R and APOB) from 35 to 40% [33] . A further limitation concerns inadequate family history assessment and documentation of clinical characteristics such as arcus cornealis and tendon xanthoma [8, 12] . Such data limitation reduces the clinical utility of case-finding models based on variables present in the Simon-Broome and Dutch Lipid Clinic criteria. For instance, variables from the Dutch Lipid Clinic criteria can only be applied to 1.3% (n ¼ 10,002) of the validation cohort in our study, with only 2.7% (n ¼ 34) of 1272 FH cases having all elements of the criteria extracted from primary care records. Whilst the sensitivity analysis reinforces the importance of comprehensive family history as a predictor of FH, using incomplete recorded data in current primary care records is a common and established approach for developing risk algorithms from primary care databases [34] . As the quality of family history recording in primary care records improves, this can be incorporated into the algorithm through recalibration.
Finally, we have investigated the potential of including secondary causes of hypercholesterolaemia in the algorithm. However, we note it is the uncontrolled state of these secondary conditions that leads to changes in cholesterol levels. Due to limited recording and lack of further laboratory investigations (such as HbA1c for diabetes control, glomerular filtration rate (GFR) for renal function) at the time of the cholesterol measurement, information could not be obtained to determine the control of secondary conditions. Despite this, our analysis suggests this additional information would only have a marginal impact on ascertaining possible FH.
Conclusions
The FAMCAT algorithm performs well in a database derived from routinely-collected data in primary care, offering significant clinical utility for improving identification of potential FH for further targeted assessment in this setting. Currently, we are working in partnership with a primary care audit software developer to integrate the algorithm into UK General Practice computer systems, supported by a user-friendly interface. Our future research will look to further refine the model by external validation using an FH disease register with genetically-confirmed FH cases as the primary reference standard. Furthermore, evaluation of the clinical utility and cost-effectiveness of incorporating FAMCAT into primary care clinical practice is now needed. 
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